Visual stimulation of a region outside the receptive field of single cells in visual cortex often results in the modulation of their responses. The modulatory effects are thought to be mediated through lateral connections within visual cortex. Research on lateral interactions commonly shows suppression. There has been no systematic study of the optimal conditions for facilitation. Here we have studied the nature of the modulation using a new type of compound stimulus: contrast reversal of pattern stimuli made of three discrete grating patches. The middle patch, optimally fitted to the receptive field in orientation, size, and spatial as well as temporal frequencies, was flanked by two similar patches presented well outside the receptive field. We found that (1) both facilitation and suppression occurred often in the same cells, when orientations of the target and flankers matched the receptive-field's optimal orientation; (2) facilitation with collinear flankers occurred most frequently at target contrasts just above the cell's firing threshold and suppression prevailed at high contrasts; (3) facilitative or suppressive modulation was obtained with target-flankers separation of up to 12 deg or more; (4) collinear facilitation was lost when flankers' orientation was rotated by 90 deg, while keeping all other parameters the same; and (5) neither the modulation mode nor the proportion of modulated cells was related to the cell types (simple vs. complex cells) and cells' laminar locations. Here we have provided physiological evidence for contrast-dependent, collinear facilitation probably underlying perceptual grouping in humans.
Introduction
Early nerve fiber degeneration studies suggested that pyramidal cells in visual cortex had rich axon collaterals horizontally projecting over a long distance within the cortex (Fisken et al., 1975; Creutzfeldt et al., 1977) . Intracellular injections of marker substances into individual pyramidal cells demonstrated the presence of extensive dendritic arborization and long-range axon collaterals spreading in patchy clusters (Gilbert & Wiesel, 1979 Martin & Whitteridge, 1984) . The extensive convergence and divergence of long-range lateral connections have also been illuminated by extracellular injections of various tracer substances (Rockland et al., 1982; Rockland & Lund, 1983; Gilbert & Wiesel, 1989; Luhmann et al., 1990) , thus suggesting possible interactions between two cells located some distance apart from each other.
The functional connectivity between two cells may be probed by constructing cross-correlation histograms between two spike trains recorded simultaneously over some time. However, this conventional approach has fallen far short of establishing the nature of lateral interactions between a cell pair. Encountering a cell pair that shows a distinct peak with a measurable latency is rare, and the strength of interactions, as assessed by the height of correlogram peaks, sharply falls off with increasing distance between two cells (usually Ͻ1 mm, Toyama et al., 1981a,b) . Furthermore, the original claim that the presence of strong interactions between orientation columns of like specificity (Ts'o et al., 1986) has not been upheld in a recent study (Das & Gilbert, 1999) .
Classical receptive field (CRF) of the single cell in visual cortex is defined here as the region of visual space that when visually stimulated excites the cell. The single-cell response to retinotopic stimulation of the CRF is modulated by a similar visual stimulus concurrently given outside the CRF, while remote stimuli alone usually do not elicit spike discharges (but see Fiorani et al., 1992) . The effects of surround or remote stimulation were usually selective for orientation and direction, and mostly inhibitory (Jones, 1970; Blakemore & Tobin, 1972; Creutzfeldt et al., 1974; Fries et al., 1977; Nelson & Frost, 1978; Hammond & MacKay, 1981; Li & Li, 1994; Levitt & Lund, 1997; Sengpiel et al., 1997 Sengpiel et al., , 1998 Walker et al., 2000) . This is especially true when the immediately neighboring region of the CRF is probed. However, excitatory effects are also known. Maffei and Fiorentini (1976) found both orientation-selective facilitative regions and weakly orientationselective, inhibitory regions outside the CRF. Nelson and Frost (1985) have presented evidence for remote facilitation with coaxially aligned stimuli. These modulatory effects, accompanied by recurrent excitation and inhibition at a local circuit (Douglas et al., 1989 (Douglas et al., , 1995 , are thought to be conveyed through intracortical, lateral connections or feedback from higher cortical areas (Hupé et al., 1998) or both.
Psychophysical inquiry is one of the best guides for determining the functional significance of the long-range lateral connections. The detection by human subjects of a small discrete pattern (Polat & Sagi, 1993 , 1994a or a short bar (Kapadia et al., 1995) in the visual field was either facilitated or suppressed by concurrently presented similar patterns. Evidence for the spatial facilitation and suppression appeared to conform to the perceptual grouping rules of the Gestalt theory, in which features are grouped together based on similarity, proximity, smoothness, or closure (e.g. Spillmann & Werner, 1996) . These contextual grouping processes may be implemented by long-range lateral interactions in the visual cortex. A few studies were carried out to exploit the strength of psychophysical explanations of single-cell behavior in the study of lateral interactions. For example, single-cell responses were recorded from V1 of either alert (Knierim & Van Essen, 1992) or anesthetized (Nothdurft et al., 1999) macaques, using static texture patterns modeled after those used in human psychophysical studies of "pop-out". The majority of the recorded cells showed the effects of either orientation-selective or nonselective suppression.
In the present study, discrete grating patches were spatially arranged and closely modeled to those used in the psychophysical studies of Sagi (1993, 1994a,b) . Here we show the presence of both facilitation and suppression of receptive-field responses for the same single cells, depending on luminance contrast of stimuli used. We also show that the context-dependent modulation of cellular responses depends on stimulus contrast for the CRF, relative to the cell's contrast threshold rather than physical contrast of the stimulus per se. The context-dependent effect was obtained with collinear patches separated up to 12 deg or more from the CRF center. Thus, by paying attention to stimulus contrast and orientations, the seemingly contradictory findings reported earlier in the literature may be integrated with the present data to provide a likely picture of the functional organization of receptive fields. Preliminary reports have appeared elsewhere (Mizobe et al., 1996a,b; Polat et al., 1998) .
Methods

Preparations
We used six normally reared adult cats. Each animal was prepared for terminal, physiological recording following our standard procedures (Kitano et al., 1994; Kasamatsu et al., 1998) . Briefly, during recordings the cat was anesthetized with a gas mixture of N 2 O:O 2 :CO 2 ϭ 75:22.5:2.5, supplemented by ;2 mg0kg0h pentobarbital (Pentothal, i.v.) , and paralysis was maintained by continuous infusion of 10 mg0kg0h gallamine triethiodide (Flaxedil, Lederle Labs, USA). The animal's physiological condition was continuously monitored throughout the experiment by measurements of the following vital signs: rectal temperature (;37.58C), P CO 2 of the expired gas (;3.5 6 0.5%), heart rate (;2000min), and synchronized cortical electroencephalogram (EEG) (sleep spindle and slow waves). An antibiotic (Ancef, 30 mg0kg) was intravenously injected every 8 h. The pupils were dilated with topical application of 1% atropine and artificial pupils (5 mm in diameter) were placed in front of the eyes. The eyes were covered by contact lenses with zero power and the refraction was corrected at the viewing distance of 40 cm with external trial lenses. All experiments were made under monocular condition. Experimental procedures were in accordance with National Research Council Guide for the Care and Use of Laboratory Animals (1996) . The experimental protocol was approved by the Animal Care and Use Committee at the campus of the California Pacific Medical Center, San Francisco.
Single-cell recording and manual plotting of CRFs
Tungsten-in-glass microelectrodes (Levick, 1972) with resistance of a few megaohms at 1 kHz were used. Single-cell activity was recorded from area 17 in the posterolateral gyrus and the recording tracks remained in the medial bank. All recorded cells had CRFs within 10 deg from the projection of the area centralis. First, single cells were isolated and their receptive-field properties were manually characterized using bright flashing-, stationary-, and movinglight slits0spots of various sizes projected onto a tangent screen in front of the cat's eyes. The location, size, orientation range, optimal orientation, and velocity preference were determined (Barlow et al., 1967) . Cell types were classified into simple and complex cells according to the Hubel and Wiesel's scheme (1962) .
Gabor patch fitting
Next, periodic contrast reversal of Gabor patches (two-dimensional sinusoidal luminance grating carrier windowed by a circular Gaussian-weighted envelope; Marcèlja, 1980 ) generated by a Macintosh computer was presented on a CRT monitor at a 40-cm viewing distance. The center of the monitor was always adjusted to the center of the CRF of individual cells. The spatial profile of the CRF of the striate cell, especially that of simple cells, fits well with the Gabor pattern (Marcèlja, 1980; Watson, 1982) and it represents the best compromise between localization in the space and spatialfrequency domains (Daugman, 1985) . We use contrast in percent which is defined as~L max Ϫ L min )0~L max ϩ L min ), where L max and L min refer to the maximal and minimal luminance level for the light and dark portion of a Gabor patch, respectively. The mean luminance of the Gabor patches and the surrounding visual display were 40 Cd0m 2 . Background luminance was kept at a mesopic level (;1 Cd0m 2 ). For a given cell, a "target" Gabor patch was positioned at the center of the CRF. In preliminary tests at high contrast, the basic parameters such as the target's spatial frequency, orientation, temporal frequency, and spatial phase were selected to optimally activate the CRF. Tuning of the spatial frequency and orientation selectivity of individual cells may be rapidly estimated by parameterswept methods (e.g. Regan, 1973; Tyler et al., 1979; Nelson et al., 1984) . Signal-to-noise improvement is obtained by selective detection of a known response frequency, using quadrature (sine, cosine) components to obtain amplitude as well as phase information. In the newer version of the technique used in the present study, software has replaced hardware. Phase coherence as well as amplitude strength are jointly used to increase the power of both the signal retrieval and the statistical tests to judge response significance (Norcia et al., 1989) . First, using a near-optimal orientation obtained by the manual CRF mapping, spatial frequencies of the target Gabor were swept from low 0.2 to high 1.5 cycles0deg (c0d) in steps of 0.1 c0d. Second, using the spatial frequency at its optimal value, Gabor orientation was swept from Ϫ45 deg to ϩ45 deg in 5-deg steps around the initial orientation estimate obtained by manual mapping. The recording time per stimulus condition was 1 s. Third, with the spatial frequency and orientation set to their optimal values, the temporal frequency (i.e. contrast reversal rate) was determined by selecting a value which gave the strongest response among several frequencies tested from 0.5 to 8.0 Hz. Finally, a Gabor patch, whose size was determined by the standard deviation of its grating carrier envelope, was matched in size with the manually plotted CRF. Usually the spatial extent of a Gabor patch was limited to two times the standard deviations or less of its envelope.
Experimental stimulus conditions
In the present study, the strength of CRF responses was compared between four stimulus configurations shown in Fig. 1 . First, the CRF was stimulated with a target Gabor alone, which was optimally fitted with the CRF (Fig. 1a) . Next, a pair of flanking Gabor patches, whose size was the same as that of the target, at a fixed high contrast (50 or 80%) were added outside the CRF in the collinear configuration, that is, the orientation of the target and the two "flankers" is the same as the global orientation determined by a virtual line connecting the three (collinear, Fig. 1b ). They were also in-phase. Distance between the target and flankers was selected in such a way that no obvious responses were obtained by the presentation of flankers alone. Distance was widely varied to test effects of separation on the modulation. Dictated by the average size of the CRF we studied (2.3 6 1.2 deg ϫ 1.5 6 0.9 deg), the minimal separation tested was 2 deg. The maximal separation was limited to 15 deg. Center-to-center separation was measured in either deg or l units (defined as the reciprocal of the spatial frequency of a target Gabor). Contrasts of the target were widely varied (2-80%), with and without collinear, high-contrast flankers. We also measured the cell's activity to the flankers alone (Fig. 1c) . Finally, the effects of changing the flankers' orientation from collinear to orthogonal were also studied (Fig. 1d) . Each of the four stimulus conditions is comprised of 5-10 trials, each of which was randomly interleaved. Each trial lasted for approximately 10 s.
Signal retrieval
A spike potential falling within the discrimination window triggered the generation of a single TTL pulse. The stream of spikegenerated TTL pulses was integrated using a custom-built TTL event counter. The temporal integration epoch of the event counter (gated by the horizontal synchronization pulse from the stimulus video system) was 2.5 ms. This integration epoch was exactly one-sixth of the vertical frame duration of the stimulus monitor (15 ms at a frame rate of 66.67 Hz.) The output of the event counter was an analog potential proportional to the number of spike events counted in each 2.5-ms integration epoch. The output from the event counter was sampled by a 12-bit analog-to-digital converter (ADC). The ADC sampling rate was 396 Hz, and was also triggered by the horizontal synchronization pulse from the stimulus video system. To prevent mid-frame video artifacts (i.e. "tearing"), the video commands for stimulus generation were synchronized with vertical retrace events. Therefore, exact values of temporal frequency were constrained so that each half cycle of the stimulus was an integer number of video frames. The common synchronization of the event counter and the ADC ensured the following conditions: (1) each integration epoch was sampled exactly once, (2) exactly six integration epochs were obtained for each video frame, and (3) these integration epochs never straddled the temporal boundary between video frames. Thus, the digital data streams from repeated stimulus trials could be used to create peri-stimulus time histograms (PSTHs) of spike counts corresponding to each stimulus cycle with bin resolution of 2.5 ms (i.e. a sampling rate of 396 Hz).
Response magnitudes were assessed in two ways (Fig. 2) . For visual assessment of individual response functions (e.g. Figs. 5a and 5c), we calculated the average number of spikes obtained for each stimulus cycle. For analysis of population statistics, we more commonly used amplitudes of spectral components centered at the first (1F) and second (2F) harmonics of the stimulus temporal frequency, since these two are the most dominant harmonics in our study (Fig. 2b) . These values were obtained by postprocessing of trial PSTHs using an adaptive filtering technique (Tang & Norcia, 1995) . Briefly, the technique adjusts weighting coefficients of two quadrature reference sinusoids whose temporal frequencies corre- . The target Gabor was placed inside the classical receptive field (CRF) of single cells in such a way that the former matched the latter in the size, orientation, and spatial frequency. The contrast reversal rate (temporal frequency) was set nearly optimal for each cell. When the target and flankers were presented concurrently, the flankers' spatial (b) and temporal (b, d) phase was the same as the target's. The contrast of the target varied widely from 2 to 80% and that of flankers was set high at either 50 or 80%. The contrast was defined
where L max and L min were for the luminance for the light and dark part of the gratings, respectively. spond to a particular harmonic of the stimulus temporal frequency. Using a recursive, least-squares algorithm (Haykin, 1991) , the coefficients are adjusted to minimize the error between the neural response waveform and the reference output. The resulting coefficients (scaled by appropriate normalization factors) represent the real and imaginary parts of the complex-valued, harmonic component of the neural response. Thus, the harmonic amplitude is the Pythagorean sum of the coefficients, and the phase is the inverse tangent of their ratio. Coherent averaging across trials was used to calculate means and standard errors of the harmonic amplitudes. That is, the average component response over trials was first calculated in the complex plane, then the amplitude and phase were determined from this complex-valued average. Similarly, the sums of squared deviations were accumulated for both the real and imaginary parts of each trial, and then pooled to calculate variance and standard error of the mean harmonic amplitude.
The uncertainty or variance of the mean harmonic response was calculated in a phase-incoherent manner. That is, the variance was the mean-squared amplitude of the complex-valued deviations between the individual trial responses and the mean. Note that phase-coherent averaging would cause cancellation of deviations randomly distributed in the complex domain, and is therefore not used to compute variance. The variance was used to calculate the F-distributed T 2 circ statistic (Victor & Mast, 1991) , which determined the confidence interval for the amplitude of the mean harmonic response. A response was considered to be visully driven, if the 95% confidence intervals did not include the origin. The T 2 circ statistic was also used to estimate confidence intervals for differences between two harmonic responses (see below).
For each harmonic response, we also calculated the background activity components centered on frequencies adjacent to the harmonic temporal frequency. Fig. 2a shows an example PSTH and Fig. 2b the corresponding Discrete Fourier Transform (DFT). For the first response harmonic, for example, our adaptive filtering technique (see above) would return the amplitude of the harmonic component labeled "1F " in Fig. 2b as well as components centered on 1F ϩ100T and 1F Ϫ 100T, where T equals trial duration (usually 10 s). In Fig. 2b , these adjacent components are labeled "N1Ϫ" and "N1ϩ", respectively. The mean amplitude of these two adjacent components was used to estimate background activity (noise) in the recording (Fig. 4) .
Tests of modulation of receptive-field responses
The presence of remote modulation is detected as a failure of the linear summation of two measured activities, target-alone and flankers-alone, to predict the response measured to these two stimuli presented in combination. A graphical representation of the linearity test for remote modulation is shown in Fig. 3 . Response amplitudes for the target-alone and flankers-alone conditions were plotted as vectors (Figs. 3a and 3b). Distance from the origin (length of a vector) refers to the amplitude of the harmonic response and the vector angle refers to the response phase. The radius of the circle at the tip of the vector shows one standard error of the response magnitude. The linear prediction ( Fig. 3d ) was obtained by vector summation of the target-alone ( Fig. 3a) and flankers-alone responses (Fig. 3b) . Linearity of spatial summation was tested by comparing the linear prediction ( Fig. 3d ) with the actual response elicited by the target and flankers presented simultaneously (Fig. 3c ). Significant remote modulation was thought to occur only when the response magnitude for target-plus-flankers was sufficiently different from the prediction, and when the two one-standard-error circles, one for target-plus-flankers and the other for the linear prediction, did not touch each other as shown schematically in Fig. 3e~P Ͻ 0.05). Otherwise, we decided that these changes had no effect, even though they showed some differences in response amplitudes.
Estimates of contrast threshold
We obtained the contrast threshold from the contrast-response function in two steps: (1) by sweeping counterphase contrast of the target in 10 or 15 discrete values from low to high during a stimulation period of 10 or 15 s (Fig. 4) . This rapid method gave us an initial estimate of contrast threshold (Tyler et al., 1979; Norcia et al., 1989) . And (2) by choosing five fixed contrast values around the initial estimate to obtain a more reliable contrast response function near the threshold. Contrast threshold was determined by linear extrapolation of the contrast-response curve to the background noise level (e.g. Ohzawa et al., 1985) . The resulting final value usually does not deviate much from the initial estimate. . We used an adaptive filter technique to calculate the amplitudes and phases of the first two harmonic components, labeled "1F " and "2F ", where F equals the stimulus frequency. Furthermore, we used the same adaptive filter to determine background activity in the frequency bins immediately adjacent to the harmonic components. The arrows labeled "N 1 Ϫ" and "N 1 ϩ" indicate these "adjacent frequency background activity" components for the first harmonic (see text for details).
Histology
During recording and upon its completion, electrolytic lesions (negative 4 mA at the electrode tip for 10 s) were made along electrode tracks to later verify recording sites of interest on histological sections. At the end of each experiment, the animal was perfused through the heart with phosphate-buffered saline, followed by 10% formaldehyde and 4% sucrose in 0.1 M phosphate buffer (pH 7.4). Microelectrode tracks were reconstructed on 40-mm-thick, Nissl-stained coronal sections. The main laminar boundaries, above and below the granular layer, were determined based on Otsuka and Hassler (1962) .
Results
General properties of the cell population
We recorded from over 100 single cells in area 17 of six adult cats. Eighty-nine of these (39 simple, 42 complex, and 8 unclassified cells), which were tested at contrast values of three or more (usually 5), were studied in detail. Our samples were not restricted to any particular cortical laminae, though more than half the recorded cells were derived from the infragranular layers (see below). The optimal temporal frequencies of the counterphasing Gabor patches were varied cell-to-cell, between 1.2 and 6.6 Hz, (3.7 6 1.2 Hz; average 6 standard deviation). The range of spatial frequencies was between 0.3 and 1.5 c0deg (0.7 6 0.3 c0deg), and that of the target contrast between 2 and 80%. The average centerto-center separation tested between the target and flankers was 6.0 6 2.3 deg (range, 2-15 deg). Contrast threshold of individual cells was obtained from 57 cells for 1F and 72 cells for 2F. The average threshold was 7.7 6 4.9% in 1F (range, 1.4-20%) and 8.2 6 4.9% in 2F (range, 1.5-20%). The majority (62%) of recorded cells showed contrast thresholds at 8% or lower.
In this paper, we will describe in detail how the following five variables influence facilitation and suppression of cellular responses elicited by the target Gabor alone: (1) contrast threshold of individual cells estimated by target-alone stimulation, (2) targetflankers separation, and (3) the change in the target orientation from collinear to orthogonal. In addition, we also studied whether (4) cell types (i.e. simple and complex cells) and (5) laminar loci of recorded cells relate to the sign and strength of the modulation.
Effects of target contrast
Upon stimulation of the CRF with a target Gabor alone, the cellular response, as expected, changed its strength asymptotically over a wide range of stimulus contrast (e.g. Albrecht & Hamilton, 1982) . When cells were stimulated with collinear compound stimuli, that is, a target on the CRF and two high-contrast flankers well outside the CRF, the majority of cells (79 of 89 cells or 89%) showed modulation of cellular responses at least at one of many target contrasts tested. This is consistent with the recent psychophysical data on human subjects tested with a comparable stimulus array (Polat & Sagi, 1993 , 1994a . Furthermore, most of the modulated cells showed both facilitation and suppression depending on the chosen contrast of the target (see below).
These basic findings with collinear flankers are exemplified in Fig. 5 : the response was clearly facilitated at low target contrasts and suppressed at high contrasts. This characteristic, "cross-over" type modulation was shown by both spike counts (the total number of spikes per stimulation period of 10 s) as a response measure (Fig. 5a ) and by its 2F component (Fig. 5b ). This complex cell had a relatively low contrast threshold (;6.5%) when tested with the target alone and there was no clear sign of response saturation at higher contrasts. When stimulated with target-plus-flankers, strong facilitation was obtained at low to moderate contrasts, and response saturation became detectable at moderate contrasts, resulting in clear suppression at 80%.
A population summary of the contrast-dependent modulation is shown for 89 cells in Fig. 6a , with the distinction of 1F and 2F. Over one-third of 264 data points for 1F, of which 150 points were derived from simple cells and 114 points from complex cells, showed significant modulation. About two-thirds did not, irrespective of target contrast. Within the modulated cell group, there emerged a trend that facilitation was common at low contrasts and suppression at high contrasts (Fig. 6b) . However, this trend was not significant (chi-square test, 0.3 Ͻ P Ͻ 0.5, df ϭ 4). A similar trend was seen in 316 data points for 2F, of which 156 and 160 were derived from simple and complex cells, respectively (Figs. 6a  and 6b ).
Contrast threshold-dependent modulation
A weak relation shown above between the target contrast and the mode of response modulation (i.e. facilitation vs. suppression) needs an explanation. In cells with a relatively high contrast threshold (Figs. 5c and 5d) , the modulation by collinear flankers was not as strong as a cell with a relatively low contrast threshold (Figs. 5a and 5b) . The spike counts of this complex cell failed to show significant modulation by concurrent presentation of the target and flankers (Fig. 5c) . However, 2F showed significant facilitation at 32 and 80% target contrast (Fig. 5d) . The facilitation at high target contrasts seems to reflect a part of the population behavior summarized in Figs. 6a and 6b. That is, at 50% target contrast, facilitation was noted in nearly seven-tenths of the cases.
Even at the highest contrast tested (80%), over two-fifths showed facilitation. It is possible that, when facilitation was observed, these cells were relatively weakly activated despite high target contrasts.
These considerations suggested that relative contrast in relation to contrast threshold is much more important for the determination of modes of the response modulation than physical contrast of the target per se. To test this possibility, we reanalyzed the same set of data for relative contrast, that is, contrast threshold of individual cells. The frequency distribution of relative contrast (in multiples of threshold) with the distinction of 1F and 2F was shown in Fig. 7a . The numbers of data points, 232 for 1F and 299 for 2F, are drawn from a subpopulation of 79 cells. Ten of the 89 cells were not included here since no threshold values were available for both 1F and 2F measurements. In this selected population, ;40% of data points showed the effects of the collinear compound stimuli, this proportion being slightly higher than that seen in the larger, base population shown in Fig. 6a . Near the threshold (Յ2 ϫ threshold) the effect was mostly facilitation. Facilitation was seen even at the highest relative contrast, which was 16 times threshold (Fig. 7a) .
In this population, relative threshold values were distributed widely from lowest at ϫ1 to highest at ϫ50. The majority of them are clustered around ϫ1 and ϫ2, and fewer present with increasing values. Clear gaps were noted between ϫ2 and ϫ3, and between ϫ9 and ϫ10. Therefore, to gain statistical power, the class division is compressed from 5 in Fig. 7a to 3 in Fig. 7b (i.e. Յ2, Յ9 , and Ͼ9). When compared within the modulated group in this way, the trend became clearer (Fig. 7b) : near the threshold, facilitation was a dominant mode of modulation, and suppression prevailed at higher relative contrast (Ͼ9 times threshold) (Fisher's exact probability test, P Ͻ 0.0007). The corresponding data set in 2F showed a similar trend, but did not reach significance at P Ͻ 0.05. When the population was represented by the dominant harmonic component of the two, 1F or 2F, for each of 79 cells, the significant trend mentioned above was confirmed (Fig. 7c , chi-square test, P Ͻ 0.01, df ϭ 2). This strongly suggests that what determines the mode of modulation is not necessarily the physical contrast of stimuli per se, but it is rather the contrast relative to the contrast threshold of individual cells.
Distance between target and flankers
A recent psychophysical study showed that the strength of facilitation varied depending on distance between the target and flankers, that is, suppression up to 2l (;0.3 deg) and facilitation beyond that up to 10l (;3 deg) (Polat & Sagi, 1993) . We tested whether single-cell responses behave similarly using the comparable stimulus arrangement. We compared the strength of the modulation among cellular responses elicited by collinear stimuli with changing separation between the target and flankers. We found that modulatory interactions existed over some distance which was much longer than that shown psychophysically (Յ3.6 deg, Fig. 3 of Polat & Sagi, 1993) . This is exemplified by a simple cell which showed significant facilitation up to 10 deg or 6l. The effect was submerged into the background level at 15 deg or 9l (Fig. 8a) .
To assess more quantitatively the distance effect on the sign as well as the extent of collinear modulation, a response modulation ratio was calculated for many 1F data points having various levels of target contrast (2-80%) and target-flankers separation (2-15 deg). For each data point, we first divided the harmonic response strength to the target-plus-flankers condition by that of the target-alone condition. Then, the modulation ratio, which is a single measure of facilitative versus suppressive strength, was plotted on a logarithmic scale against separation in degrees (Scatter diagram, Fig. 8b ). The sampling incidence was not evenly distributed over different distances, with the majority covering the target-flankers separation between 3 and 10 deg. Data points obtained at different contrasts may be pooled together, since the distribution pattern of modulation ratio was comparable between three contrast groups; low (2, 4, and 8%), moderate (16 and 32%), and high (50 and 80%) (Fig. 8b) . As a whole, both facilitation (log modulation ratio Ͼ0) and suppression (Ͻ0) are seen over a wide range of separation (12 deg or more). , facilitation (open box in the middle), and no effect (heavily shaded box at the bottom). The total number of data points per contrast group is given at the top of each of six column pairs. (b) The proportion of facilitation and suppression was calculated within the modulation group based on 101 data points for 1F and 108 for 2F. The number on the face of each column refers to the incidence of either facilitation or suppression at each contrast range. Facilitation was common at low contrasts and suppression at high contrasts. The trend, however, was not statistically significant (chi-square test, 0.3 Ͻ P Ͻ 0.5, df ϭ 4).
Undulation of facilitation and suppression was seen in individual cells at different distances (Fig. 8a) . A total of 12 cells were tested mostly with 3-5 distances. The spatial extent of the pattern of undulation based on ten cells, excluding two in which three consecutive distances were tested from 3 to 5 deg, ranged from 3 to Ն12 deg with peaks at 5 and 10 deg. Response undulation submerges into a population average with a relatively uniform distribution of the modulation ratio. The uniform distribution of the modulation ratio is more clearly shown when, excluding data points equal to 0, the mean and one standard deviation at a given distance are calculated for facilitation and suppression separately (Fig. 8c) . Essentially the same pattern of collinear modulation was seen for 2F data set (data not shown). In short, consistent with anatomical data (see Introduction), the modulation was seen up to at least 12 deg in the present cell population, the extent which was more than that reported in human psychophysics (Polat & Sagi, 1993) .
Effects of noncollinear configuration
Up to this point, we have tested both contrast and distance effects under the collinear configuration of three Gabor patches. Recent psychophysical (Polat & Sagi, 1994a,b; Kapadia et al., 1995) and physiological studies (Knierim & Van Essen, 1992; Kapadia et al., 1995; Nothdurft et al., 1999) have shown that the strength of interactions between the target and flankers varies with the orientation difference between them. We next tested effects of the orientation difference on the modulation by comparing cellular The response amplitude in 1F is shown against the center-to-center separation between the target and flankers in deg and l units. Short vertical bars refer to one S.E.M. at a given distance. The effect seems to submerge at separation around 13 deg. (b) Population summary for spatial distribution of facilitation and suppression elicited by collinear flankers. Target contrasts were changes widely between 2 and 80%. The modulation ratio, which is a single measure of facilitative versus suppressive strength, is defined as the amplitude of a response elicited with target-plus-flankers divided by that with target alone. The modulation ratio for 1F in the logarithm is plotted against center-to-center separation between the target and flankers in degree. Various kinds of symbols are for seven contrast levels (i.e. 2, 4, 8, 16, 32, 50, and 80%) . (c) Excluding data points which show zero (i.e. no effect) the mean and one standard deviation in log modulation ratio were calculated for facilitation (Ͼ0) and suppression (Ͻ0) separately at each of 11 distances. The number at each error bar is for the total number of data points included. Both facilitation and suppression were obtained widely up to over 12 deg. The largest distance tested was 15 deg. The similar trend was obtained for the 2F data base from the same cell population.
responses elicited by the compound stimuli between the collinear and orthogonal configuration. The orthogonal flankers did not affect cell responses in the same way as the collinear flankers did. This is exemplified by a simple cell which, having target contrast threshold of 21% and being tested at 32%, showed a statistically insignificant modulation effect with the orthogonal flankers. In the polar plots of 1F responses of this simple cell, no effect was seen with the orthogonal flankers, while it clearly showed facilitation by the collinear stimuli (Fig. 9a) . That is, the facilitative effect of having the collinear flankers is counterbalanced due to a pervasive suppressive surround beyond the CRF (see Fig. 10 ) activated by the orthogonal flankers, or it is the case of simple lack of modulation effects due to the absence of fiber connections (see below).
We directly compared the effect of changing the flankers' orientation from collinear to orthogonal with the target's orientation in 11 cells (Fig. 9b) . These selected cells were studied with the use of five fixed contrast stimuli or more. In this diagram, we took the dominant (higher magnitude) component of either 1F or 2F, of each of the 11 cells, because the nondominant component (7 cells in collinear and 8 cells in orthogonal) tended to show no effect in both collinear and orthogonal configurations. Seven of the 11 cells showed facilitation in the collinear configuration. But, when stimulated with orthogonal flankers keeping all other parameters the same, five of the seven cells appeared to lose the facilitative effect to general suppression, falling into the no-effect group. This characteristic loss of the collinear facilitation, by rotating the collinear flankers orientation by 90 deg, is consistent with the similar, orientation-dependent effect obtained in another population of 24 cells (Polat et al., 1998) and related to the generation of strong local field potentials by the orthogonal flankers presented at a remote site (Kitano et al., 1994) .
Cell types and laminar loci of modulated and unmodulated cells
We further asked if the cell type is one of the determinants of the sign and extent of neural interactions. The population data shown earlier (e.g. Figs. 6-8) were originally divided into a matrix of four Facilitation is overlaid on suppression along the optimal orientation axis of the CRF. That is, facilitation is organized along the optimal orientation of the cell in a collinear manner (present findings). Suppression is less selective for orientation or spatial frequency and distributed diffusely, especially toward its periphery, around the cell's CRF (e.g. Walker et al., 2000) . The dynamic balance between the two mechanisms, primarily dictated by the cell's contrast threshold, controls the cell's firing behavior upon visual stimulation with compound stimuli. The across total dimensions of the modulatory field can be as large as 24 deg or more (Kitano et al., 1994). categories: 1F and 2F for simple and complex cells, respectively. In the present study, 35 of 39 simple cells showed stronger responses in 1F than 2F, in all 42 complex cells 2F was dominant, and five and three unclassified cells showed dominant response in 1F and 2F, respectively (Spitzer & Hochstein, 1985) . The incidence in each category was compared to note that both simple and complex cells were found equally often in the modulated (30-40%) and unmodulated groups, irrespective of 1F and 2F categories (Table 1) . There was a single exception: relative incidence of facilitation and suppression may be different between simple and complex cells when the comparison is made for 1F at 16% contrast (chi-square test, P Ͻ 0.025).
Single cells located in different cortical laminae tend to show different characteristics in morphology and some physiological properties (Gilbert, 1977; Gilbert & Wiesel, 1979) . We examined the laminar location of each of 80 cells which appear in the population analyses mentioned above. As a whole, 89% showed either facilitation or suppression. The proportion of the modulated cells (facilitation plus suppression) was 16 of 19, 12 of 14, and 43 of 47 cells in the supragranular, granular, and infragranular layers, respectively (Table 2 ). These incidences are not significantly different from each other (Fisher's exact probability test, P ϭ1.76).
Discussion
In the present study, we stimulated the CRF of single striate cells with an optimally fitted Gabor patch, while their surround at various distances was concurrently stimulated by high-contrast, collinear flankers. Both facilitation and suppression of the CRF responses were found in the same cells: facilitation was predominant when the target Gabor contrast was relatively low and suppression often developed when contrast became high. The two modulatory effects of collinear flankers were equally obtained with target-and-flankers separation up to 12 deg or more. The collinear facilitation was lost when flankers' orientation was rotated by 90 deg, orthogonal with the CRF 's optimal orientation. These findings suggest the presence of a local circuit that makes possible the spatial organization of lateral interactions schematically shown in Fig. 10 .
In this model cortex, flanker facilitation is overlaid on suppression along the optimal orientation axis of the CRF. As the present data have established, however, the dynamics of this spatial organization is not always expressing itself in favor of facilitation over suppression-the critical determinant is contrast of pattern stimuli used to activate the CRF. Furthermore, relative contrast of the stimulus in relation to the cell's firing threshold seems to be a useful indicator of the facilitation and suppression balance, showing more directly an activation level of single cells embedded in a local circuit under study. The large effective distance between the target on the CRF and the discrete flankers in the surround may imply that the spatial organization shown in Fig. 10 is more suitable for long-range lateral interactions than short-range interactions within the immediate vicinity of the CRF, which was typically probed by concentrically arranged, drifting gratings to produce suppression.
Suppression versus facilitation
The main effect of surround activation in striate cortex is thought to be suppression. Response suppression was usually seen with increasing the diameter of a drifting grating patch centered on the CRF (Li & Li, 1994; Sillito et al., 1995; Sengpiel et al., 1998; Walker et al., 2000) . However, cellular behavior is more complicated when stimulated with a compound stimulus made of two concentric, drifting-grating patches. Strong cross-orientation facilitation was reported for cells in monkey and cat striate cortex, when the CRF was "weakly" stimulated with nonoptimal stimuli (Sillito et al., 1995) . However, using similar concentric, drifting gratings, the effect was rarely seen in other studies on either primate (Levitt & Lund, 1997) or cat striate cortex (Walker et al., 1999) . In the latter studies, response suppression prevailed when center and surround stimuli had matching orientation. How these various findings in the literature are related to the present ones remains unclear because of substantial difference in the nature of stimuli used. Even among studies which primarily reported suppression, there are important discrepancies in the character of the suppression. For example, in physiology (Knierim & Van Essen, 1992; Li & Li, 1994) as well as psychophysics (Cannon & Fullenkamp, 1991) , the use of a fraction of the stimulus area (bow tie) decreased the strength of suppression substantially. This indicates that suppression induced around the CRF is spatially additive (Kitano et al., 1994) . However, the finding of Walker et al. (1999) contradicts this, showing no strong spatial summation of suppression around the CRF. Another example is that, presenting a high-contrast, single bar shone to the receptive-field center in V1 of alert monkeys, Kapadia et al. (1995) showed that many cells received facilitation from a second, collinear bar presented outside the receptive field. However, the effect was primarily suppression when the surround was stimulated by flashing, multiple line segments placed around the CRF, as seen earlier (Knierim & Van Essen, 1992) . In short, what is common among these diverse studies is that, when the CRF is stimulated with a high-contrast stimulus, response suppression is typically inducible by concurrent stimulation of the surround which has no specific spatial organization (e.g. Maffei & Fiorentini, 1976; Walker et al., 1999) , though a recent detailed study by Walker et al. (1999) has an emphasis on nonuniformity of the surround.
There are two ways to understand the present finding on collinear modulation. Conventionally, without precisely knowing the CRF organization, collinear modulation may be explained as due to the activation of "dynamic" nonclassical surround of the single cell's receptive field, which is generally 2-5 times the size of the CRF (Maffei & Fiorentini, 1976; Li & Li, 1994) . However, the spatial extent of collinear modulation found in the present quantitative study was up to 15 deg from the CRF (6.0 6 2.3, see also Fig. 8) , possibly twice the extent of the above estimate. These values also seem to be much larger than those measured in other studies on primates (Knierim & Van Essen, 1992; Kapadia et al., 1995; Levitt & Lund, 1997) , though direct comparison is not possible because of differences in the methodology and species used. We used contrast reversal of three nonoverlapping Gabor patches, target and two flankers, while they used drifting, sinusoidal gratings embedded in a pair of concentric patches.
Alternatively, the extensive context-dependent modulation shown here may be explained more readily by spatiotemporal integration of discrete vertical inputs from the thalamus with long-range lateral inputs that originate from a distant site within the same visual cortex, in response to retinotopic stimulation of other cells' CRFs with high-contrast flanking Gabors. In the present study, the use of contrast reversal rather than drifting gratings may have minimized the possible contribution of feedback afferents from the extrastriate areas in which motion-sensitive cells prevail (Hupé et al., 1998) . More importantly, the proposed scheme based on long-range lateral interactions is inclusive, incorporating all the phenomena of dynamic nonclassical surround known in the literature. Incidentally, though the sample size was small, only suppression was obtained at the shortest distance tested in the present study (2 deg; Figs. 8b and 8c) .
The size of the CRF is dynamically modulated by contrast of the stimulus: the CRF size increases with decreasing stimulus contrast (Sceniak et al., 1999) . Since response facilitation by collinear flankers is often observed when contrast of the target on the CRF is low, a network-driven, primarily excitatory dynamic (Sceniak et al., 1999) must be operative to delineate the CRF boundary in our study as well. However, the chance of collinear flankers activating the CRF is small in the present study for the following reasons. First, the target and flankers were kept well separated from each other, since the two Gabor patches having cutoffs at two standard deviations did not touch each other in the present experimental design. Second, our data analysis included no cells having measurable responses to high-contrast flankers alone. Finally, the relatively flat and extensive distribution of facilitation and suppression from the center of the CRF (Fig. 8) is also consistent with our interpretation.
Contrast dependency
We have systematically studied the importance of luminance contrast in modulation of single-cell responses for the first time (Mizobe et al., 1996a,b; Polat et al., 1998; and this paper) . A few laboratories have also studied the matter at two contrast values, low and high. Toth et al. (1996) reported to have found facilitatory effects of the iso-oriented, concentric surround when the target inside the CRF was at low contrasts, a result that is consistent with our major finding. However, their claim may not be sufficiently supported by the data provided. If one takes the response to the low-contrast, central target alone and adds it to the measured response to the surround alone, one can predict the measured response (if linearly summed) as a combination of the two. Provided that facilitation occurs in a highly nonlinear manner, the response to the combined stimulation should have been significantly larger than the linear sum. In the published data, this is not seen for either of the two representative cells. Sengpiel et al. (1997) reported briefly that the response to a low-contrast target was facilitated by the addition of an isooriented, concentric drifting grating at high contrasts. This is qualitatively consistent with our data. Based on changes in the shape of the contrast response function, they further suggested that two types of response modulation, response-gain control and contrast-gain control (as described in Polat et al., 1998 and this paper) , are mediated by different cell populations in different layers (Sengpiel et al., 1998) . The present laminar analysis based on a larger sample size has failed to support the notion. Furthermore, their suggestion was not confirmed in our recent study (see below).
In our original study (Polat et al., 1998) , each data point was analyzed as an independent entity at a given contrast value without reference to the contrast response function, though for a given cell three or more contrast values were tested. Comparing a pair of contrast response functions obtained with and without the concurrently presented flankers, we have recently completed a new study on collinear flanker modulation (Chen & Kasamatsu, 1998; Chen et al., 2001) . We have found four types of contrast-dependent lateral effects: (1) facilitation at low target contrasts and suppression at high contrasts (cross-over), (2) facilitation increase with contrast (expansive facilitation), (3) suppression increase with contrast (expansive suppression), and (4) suppression at low contrasts with facilitation at high contrasts (reverse cross-over). Type-1 modulation, which corresponds to the cellular behavior exemplified in the present study (Fig. 5) , was seen in the largest subgroup of 37%, while types-2, -3 and -4 modulations were seen in 29, 10, and 8%, respectively. (About 15% of cells showed no effect.) The presence of type-1 and type-3 cells was reported by Sengpiel et al. (1998) , but that of type-2 and type-4 cells was not. The reasons for the discrepancy were not explored.
Importantly, this new set of data based on changes in the shape of contrast response function has given us a plausible explanation for "facilitation at high contrasts", a conceptual difficulty apparently contradictory with the main theme of the present study. It may be explained as due to a contribution of type-2 cells, which show expansive facilitation upon increase in contrast. We have presented a sensitivity-modulation model that accounts for all the four types of lateral effects by changes in two gain-control parameters, excitatory and inhibitory sensitivity factors. In this model, which works within the general framework of the contrast gaincontrol mechanisms, activation of neighboring cells changes the sensitivities of the target cell to both the direct feedforward input and inhibitory, divisive feedback from neighboring cells (Chen et al., 2001 ).
The present results also appear to differ substantially from those of Levitt and Lund (1997) : we see much more facilitation at low contrasts, whereas they saw almost always suppression. Differences in stimulus configurations may be the reason for the discrepancy between the two studies. We used contrast reversal of small, localized patches to stimulate outside of the CRF, following the stimulus configuration which decreased the contrast detection threshold (Polat & Sagi, 1993 , 1994a . By contrast, Levitt and Lund used concentric, drifting gratings which psychophysically lowered (suppressed) the perceived contrast of the central target (Cannon & Fullenkamp, 1991) . Facilitation was noted only under a narrow range of relative contrast (Cannon & Fullenkamp, 1993 ) that obviously was not probed by Levitt and Lund. Stimulus configuration thus strongly modulates perceived contrast and these perceptual effects appear to be closely mirrored in the physiological results from the two laboratories. In short, the two results by Levitt and Lund (1997) and ours are complementary with each other when stimulus configuration is accounted for (see below).
Neural mechanisms
Based on primarily "recurrent inhibition", the data of Levitt and Lund (1997) was simulated (Dragoi & Sur, 2000) . Other computational models (Stemmler et al., 1995; Somers et al., 1998) have suggested that spatial interactions at low contrasts make weak responses stronger, and suppress the strong responses at high contrasts. This implies that facilitation should be found when the firing rate of cortical cells is low. Microanatomical machinery that makes lateral interactions described here possible is not well understood. Facilitation near threshold may be induced by additional noise generated by strong flankers stimulation (Stemmler et al., 1995) or more excitation without accompanying inhibition (Somers et al., 1998) . At high contrasts, when the cell is strongly activated, the relative contribution of inhibitory potentials to the cell's conductance seems to increase. This scenario is consistent with physiological data on local microcircuitry and its components (McCormick et al., 1985; Douglas & Martin, 1991; Douglas et al., 1995; Hirsch & Gilbert, 1991) .
As discussed elsewhere , the axon collateral fibers most likely convey electrical signals originated by flankers activation to distal dendrites of the cortical cell but not near the site of spike generation in the soma (Kitano et al., 1994) . Recent intracellular studies have presented evidence consistent with this scheme: the amplitude of excitatory postsynaptic potentials (EPSPs) generated by lateral inputs was always smaller than that of direct vertical (thalamic) inputs. More importantly, nonlinear facilitative summation of the two was observed when the membrane potential was depolarized (Yoshimura et al., 2000) . A measurable conduction delay of depolarizing potentials was also obtained when single striate cells were stimulated by a stimulus pattern beyond the boundary of the CRF (Bringuier et al., 1999) .
Functional significance
The present data indicate that remote stimulation may activate a neural mechanism for perceptual grouping of various features belonging to a single, large object (Polat & Tyler, 1999; Solomon & Morgan, 2000) : when facilitation is found near the firing threshold, the effect extended up to 12 deg or more from the CRF, which is a distance large enough to group separate low-contrast patterns belonging to the same object. Furthermore, contextdependent feature integration may start to take place in early cortical processing within the striate cortex without enjoying the usual benefit of attention for sharper perception (Ito et al., 1998; McAdams & Maunsell, 1999) . Levitt and Lund's results (1997) are arguably against a role of remote activation in perceptual grouping. There are two fundamentally different ways to construct objects: contour integration and surface representation. We are suggesting that grouping mechanisms operate in the formation of contours and image boundaries, because Gestalt psychology tells us that contours can be formed on the basis of smoothness, continuity, similarity, and proximity (Spillmann & Werner, 1996) . The concentric pattern of Levitt and Lund's study cannot probe contour integration, but rather, they may be more relevant to surface representation, for example, figure-ground segregation or image segmentation, as implied elsewhere (e.g. Knierim & Van Essen, 1992; Nothdurft et al., 1999) .
